Introduction {#Sec1}
============

The microenvironment of a developing tumor is composed of proliferating malignant cells, tumor stroma, blood vessels, and infiltrating inflammatory cells \[[@CR1]\]. It is a unique environment created and dominated by tumor cells that establish specific interactions with the neighboring cells to promote tumor progression and metastasis \[[@CR1]\]. Compelling evidence has emerged in recent years indicating that 'stromal cells' play a critical role in disease progression. The interactions of cancer cells with components of their tumor microenvironment are bidirectional and crucial for cancer progression \[[@CR2]--[@CR4]\]. Tumor cells communicate with their surrounding microenvironment via a network of secreted growth factors, cytokines, and chemokines \[[@CR5], [@CR6]\]. Among the chemokine receptors, CXCR4 is the most involved in cancer, as it is expressed in at least 23 different types of cancers \[[@CR6]\]. The axis CXCR4--CXCL12 plays an important role in tumorigenicity, proliferation, metastasis, and angiogenesis in cancer \[[@CR7]--[@CR11]\], and CXCR4 expression affects prognosis in melanoma \[[@CR12]\], colon cancer \[[@CR13]\], lung cancer \[[@CR14]\], renal cell carcinoma, and \[[@CR15], [@CR16]\] osteosarcoma \[[@CR17]--[@CR19]\]. In normal adult tissues, CXCR4 and CXCL12 are constitutively expressed in a wide range of tissue \[[@CR20]--[@CR22]\], and mice lacking CXCR4 die in utero or shortly after birth displaying defects in the hematopoietic and nervous systems \[[@CR23]\]. Identical defects are observed in mice lacking CXCL12, suggesting a monogamous relationship between CXCR4 and CXCL12 \[[@CR24]--[@CR26]\]. Nevertheless, recent evidence has shown that CXCL12 also binds the recently deorphanized chemokine receptor CXCR7 \[[@CR27], [@CR28]\]. In addition, the axis CXCR4--CXCL12 regulates reactive infiltrates into tumors, MSCs (mesenchymal stromal cells) \[[@CR29], [@CR30]\], monocyte/macrophage lineage cells, and T lymphocytes \[[@CR31]\]. MSCs constitutively secrete the chemokine CXCL12 (SDF-1), which in turn promotes tumor progression by recruitment of endothelial progenitor cells into tumors \[[@CR32]\]. Increasing evidence supports a critical role for the interaction between cancer cells and myeloid bone marrow-derived cells (BMDCs) during tumor growth and metastasis \[[@CR33]\]; These cells are mobilized into blood circulation and infiltrate the neoplastic tissues from early stages of tumor growth in response to tumor- and stroma-derived cytokines \[[@CR1], [@CR32]--[@CR34]\]. It has been well established that tumor-associated macrophages (TAMs) and myeloid differentiation antigen (Gr-1)-positive myeloid BMDCs can promote angiogenesis and tumor progression \[[@CR34]\]. Gr-1-positive myeloid BMDCs express CXCR4 and VEGFR1, the former being essential for recruitment of myeloid differentiation antigen (Gr-1)-positive BMDCs \[[@CR35]\]. Indeed, VEGFR1 and CXCR4 independently exerted a promigratory effect in myeloid BMDCs by activating p38 mitogen-activating protein kinase \[[@CR35]--[@CR37]\]. To evaluate the effect of genetic CXCR4 reduction on lung metastases, murine melanoma B16 cells were inoculated in a model of murine C57Bl/6 mice CXCR4^+/+^ and CXCR4^+/−^.

Materials and methods {#Sec2}
=====================

Cell culture {#Sec3}
------------

A B16 murine melanoma cell line, syngenic for C57Bl/6 mice was morphologically authenticated and maintained in IMDM, 10% FBS, 1% P&S and 1% L-Glutammine at 37°C with 5% CO~2~. The CCRF-CEM cell lines were from ATCC and cultured under conditions provided by the manufacturer. ATCC Molecular Authentication Resource Center provides a variety of applications to identify and characterizing the cell lines, including cloning and gene synthesis, real-time PCR analyses, site-directed mutagenesis, sequencing, STR, SNP, and fingerprint analyses.

Real time PCR {#Sec4}
-------------

Total RNA from dissected fresh tissues from CXCR4^+/+^ and CXCR4^+/−^ mice were extracted using RNA*later* RNA Stabilization Reagent (Qiagen, Hilden) to immediately stabilizes RNA in tissue samples (so as to preserve the gene expression profile) and RNeasy Mini Kit quick spin columns (Qiagen), according to the manufacturer's instructions. DNase-treated RNA (200 ng) was reverse transcribed by Superscript II RNase H-reverse transcriptase according to the manufacturer's instructions (Invitrogen-Life Technologies, Carlsbad, CA, USA). Real time-PCR was carried out using about 10 ng of cDNA in 25 μl final of SYBR Green reaction mixture. An ABI Prism 7000 (Applied Biosystems) robocycler was used for the amplification. For both CXCR4 and CXCL12, cycling conditions of the PCR were as follows: initial denaturation (10 min at 95°C) followed by 40 cycles of denaturation (15 s at 95°C), annealing (30 s at 60°C) synthesis (1 min at 72°C), followed by final extension (7 min at 72°C). The gene-specific mouse primers used for the amplification were as follows: CXCR4: 5′-ACCTCTACAGCAGCGTTCTCA-3′ (forward); 5′-GGTGGCGTGGACAATAG-3′ (reverse); CXCL12: 5′-GCCCTGCTCTGTCTGCTAAA-3′ (forward); 5′-CCTGGCCTTCATGGGATTGT-3′ (reverse); GAPDH: 5′-TGGCCTTCCGTGTTCCTACCC-3′(forward)5′-TCTCCAGGCGGCACGTC-3′ (reverse). Subsequently, CXCR4 and CXCL12 mRNA was quantified comparing its expression to GAPDH mRNA levels. Samples were run in triplicate.

Immunoblotting analysis {#Sec5}
-----------------------

Total protein was extracted from dissected mice tissues and from B16 melanoma cells, after homogenization in lysis buffer (40 mM Hepes pH 7.5, 120 mM NaCl, 5 mM MgCl~2~, 1 mM EGTA, 0.5 mM EDTA, 1% Triton X-100) containing protease (Complete Tablets EDTA-free; Roche) and phosphatase (20 mM a-glycerol-phosphate, 2,5 mM Na-pyrophosphate) inhibitors. CCRF-CEM cell lines were used as CXCR4 positive control. The following primary antibodies were used: anti-CXCR4 (Abcam; ab2074, 1:1,000 diluition), anti-CXCL12 (R&D Systems; mab350, 1:500 diluition;); anti phospho-p38 MAPK and anti p38 MAPK, 1:1,000 diluition (Cell Signaling Technology; code 4511 and code 9212, respectively). The alpha-tubulin (Santa Cruz Biotech; clone B-7: sc-5286 1:3,000 diluition) used as housekeeping controls. Appropriate Anti IgG coupled with peroxidase were used as secondary antibodies (Santa Cruz Biotech, Santa Cruz, CA, USA) and the signal was revealed through Chemoluminescent detection kit (ECL detection kit; Amersham Biosciences, Freiburg, Germany). Optical density of bands was quantified using the ImageJ software.

Cell migration assay {#Sec6}
--------------------

Migration was assayed in 6-well Transwell chambers of Corning 8-μm pore filter (Corning, NY, USA). We placed 6 × 10^5^ B16 cells in IMDM containing 0.5% BSA (migration media) on the upper chamber filter that was precoated with collagen (human collagen type I/III) and fibronectin (10 g/ml each). Medium supplemented with recombinant human CXCL12 (used at 100 ng/ml each) (R&D Systems; NS-350) with and without Plerixafor (used at 5 μM each) was placed in the lower chamber. After 16 h incubation, the number of invading cells were counted in ten different fields (HPF ×400 magnification).

Animal experiments {#Sec7}
------------------

Ten female C57BL/6 homozygote CXCR4^+/+^ mice (8--10 weeks old) weighing approximately 18--20 g were purchased from Harlan Laboratory (Bar Harbor, ME, USA) and ten female C57BL/6 heterozygote CXCR4^+/−^ mice (8--10 weeks old) kindly provided by Prof. De Felice, Biogem IRGS (Ariano Irpino, Italy). The research protocol was approved, and mice were housed three to five per cage with food and water available ad libitum and maintained on a 12-h light/dark cycle under standard and specific pathogen-free conditions in the Animal Care Facility of National Cancer Institute "G. Pascale" in accordance with the institutional guidelines of the Italian Ministry of Health Animal Care and Use Committee. Mice were acclimatized for 1 week before being injected with cancer cells.

In vivo metastasis assays {#Sec8}
-------------------------

B16 murine melanoma cells in exponential growth phase were harvested and washed twice in PBS before injection. Cell viability was \>95% as determined by trypan blue dye exclusion. Mice were injected into the tail veins with 5 × 10^5^ B16 cells suspended in 200 μl phosphate-buffered saline (PBS). Five mice per group were inoculated with (1) B16 cells and (2) B16 cells pretreated with 10 μg/ml Plerixafor for 30 min and, after inoculation, mice were treated twice a day with 1.25 mg/kg Plerixafor (Sigma Life Science) for 2 weeks, 5 days for week. Mice were euthanized 19 days after the tumor cells injection for gross inspection of organs and subsequent analysis.

Immunohistochemical analysis {#Sec9}
----------------------------

Mice tissues (lungs, liver, lymph nodes, spleen) were fixed in 10% buffered formalin, paraffin-embedded and subsequently sectioned into 3-μm slices. The sections were stained with haematoxylin/eosin to evaluate metastasis (R.F. and C.D.). Histological evidence of metastases were measured and summed using a computer-assisted image measurement program by a microscope (BX51 microscope and DP-1 microsope digital camera; Olympus Japan). Monocyte/granulocyte infiltration was evaluated through IHC on lung section. Staining was conducted using myeloid differentiation antigen LY6G. (Rat Anti-Mouse Ly-6G, clone 1A8, code No. 551459; BD Pharmingen) diluited 1:1,000. Monocyte/granulocyte count was performed blindly by two operators (R.F. and C.D.) with a magnification of ×200 field (×20 objective and ×10 ocular), on three areas with high density of macrophages/monocytes, selected at low power magnification.

Statistical analysis {#Sec10}
--------------------

The values given are means ± standard deviation. The significance of difference between the experimental groups and controls was assessed by unpaired Student's *t* test, using Instat Software (GraphPad, San Diego, CA, USA).

Results {#Sec11}
=======

CXCR4 and CXCL12 expression in C57BL/6 CXCR4^+/−^ mice {#Sec12}
------------------------------------------------------

To evaluate the role of genetic reduction of CXCR4 in lung metastases development, CXCR4^+/−^ mice were utilized, since CXCR4^−/−^ mice are embryonic ally lethal. Level of CXCR4 and CXCL12 transcripts in CXCR4^+/+^ and CXCR4^+/−^ C57BL/6 mice were evaluated in normal lung tissue. CXCR4^+/−^ mice lung expressed lower CXCR4 and CXCL12 mRNA compared to wild-type mice (Fig. [1](#Fig1){ref-type="fig"}a, b). Reduction of CXCR4 and CXCL12 protein expression in CXCR4^+/−^ C57BL/6 mice was also demonstrated through immunoblotting analysis (Fig. [1](#Fig1){ref-type="fig"}c, d). Additionally, it was shown that murine B16 melanoma cells express functional CXCR4 (Fig. [2](#Fig2){ref-type="fig"}a, b, respectively).Fig. 1CXCR4 and CXCL12 expression in C57BL/6 CXCR4^+/+^ and CXCR4^+/−^. Quantitative RT-PCR analysis for CXCR4 (**a**) and CXCL12 (**b**) gene expression on normal lung tissue. Immunoblotting for CXCR4 (**c**), CXCL12 (**d**) in normal tissue from homozygote (CXCR4^+/+^) and heterozygote mice (CXCR4^+/−^)Fig. 2B16 cells express functional CXCR4. Immunoblot for CXCR4 in B16 cells (**a**); B16 migration toward CXCL12, inhibited by Plerixafor (**b**)

Inhibition of CXCR4-CXCL12 axis reduced lung metastases development {#Sec13}
-------------------------------------------------------------------

Murine melanoma B16 cells (5 × 10^5^) were injected into CXCR4^+/+^ and CXCR4^+/−^ C57BL/6 and mice were treated for 10 days with 1.25 mg/kg of Plerixafor. At day 19, mice were sacrificed and organs were examined. In Fig. [3](#Fig3){ref-type="fig"}, representative lungs are shown; reduced metastases were detected in Plerixafor-treated mice on both CXCR4^+/+^ and CXCR4^+/−^ mice lung. Nevertheless, CXCR4^+/−^ mice lung showed less metastases compared to wild-type (Fig. [3](#Fig3){ref-type="fig"}). In Fig. [4](#Fig4){ref-type="fig"}, lung tissue microscopic evaluation confirmed the massive substitution of lung tissue with neoplastic tissue in CXCR4^+/+^ mice (10.90 ± 3.81 mm^2^); in the Plerixafor-treated CXCR4^+/+^ mice, the metastatic nodules were reduced (3.58 ± 1.38 mm^2^). Although the number of lung metastases was comparable in CXCR4^+/−^ and CXCR4^+/+^ lungs, in CXCR4^+/−^ lungs, the nodules were smaller and a further reduction was detected in CXCR4^+/−^ Plerixafor-treated mice. Reduction in total neoplastic area was reported in Plerixafor-treated CXCR4^+/+^ and CXCR4^+/−^ mice compared to untreated mice, and in CXCR4^+/−^ Plerixafor compared to untreated CXCR4^+/−^ (4.18 ± 1.38 mm^2^ vs. 1.11 ± 0.60 mm^2^, *p* = 0.038) and to CXCR4^+/+^ (1.11 ± 0.60 mm^2^ vs. 10.90 ± 3.81 mm^2^, *p* = 0,021; Fig. [4](#Fig4){ref-type="fig"}).Fig. 3Reduction in lung metastases development in CXCR4^+/−^mice. Gross inspection of representative lungs: CXCR4^+/+^ and Plerixafor-treated CXCR4^+/+^ (**a**, **b**) and CXCR4^+/−^and CXCR4^+/−^ Plerixafor-treated mice (**c**, **d**)Fig. 4Microscopic evaluation of lung metastases. Microscopic evaluation of representative lungs. H&E in CXCR4^+/+^ and Plerixafor-treated CXCR4^+/+^ (**a**, **b**) and CXCR4^+/−^and CXCR4^+/−^ Plerixafor-treated mice (**c**, **d**); (**e**) Lung total neoplastic area expressed in mm^2^

LY6G-positive myeloid/granulocytic cells and Phospho-p38 decrease in CXCR4^+/−^ tissues {#Sec14}
---------------------------------------------------------------------------------------

The above results indicate that genetic reduction of CXCR4 in C57BL/6 mice reduced B16 lung metastase development. Considering that the inoculated cell line B16 expresses functional CXCR4 in both mice models, the results relied on a lower CXCR4 expression in the multiplicity of cells that form the tumor stroma. Recent evidence suggests that CXCR4 expressing myeloid bone marrow-derived cells (BMDCs) play a critical role in lung metastasis \[[@CR35], [@CR38], [@CR39]\]. Although not able to define the bone marrow origin, evaluation of LY6G-positive myeloid/granulocytic cells was conducted in lung section through IHC. As demonstrated in Fig. [5](#Fig5){ref-type="fig"}, a significant decrease in LY6G-positive myeloid cells was detected in lung from CXCR4^+/−^ mice compared to CXCR4^+/+^ mice \[LY6G-positive myeloid CXCR4^+/−^ vs. CXCR4^+/+^ (*p* = 0.0004); CXCR4^+/+^ vs. CXCR4^+/+^ Plerixafor-treated (*p* = 0.0031)\]. Since CXCR4 signal transduction in myeloid BMDCs rapidly increased p38 MAPK phosphorylation, phospho-p38 MAPKinase level was evaluated in tissues from CXCR4^+/+^ and CXCR4^+/−^ mice. As shown in Fig. [6](#Fig6){ref-type="fig"}, the level of phospho-p38 MAPK decreased in the CXCR4^+/−^-derived tissues.Fig. 5Decrease of myeloid differentiation antigen LY6G^+^ cells in CXCR4^+/−^ lungs. LY6G^+^ myeloid recruitment in peritumoral lung tissue from CXCR4^+/+^ and CXCR4^+/+^ Plerixafor-treated (**a**, **b**) and from CXCR4^+/−^and CXCR4^+/−^ Plerixafor-treated (**c**, **d**) (×200 magnification); (**e**) LY6G positive cells number in CXCR4^+/+^ and C57BL/6 CXCR4^+/−^ mice in the presence or absence of Plerixafor treatmentFig. 6Decrease in Phopho-p38 MAPK in CXCR4^+/−^ tissue. Immunoblotting for P38 MAPK, Phopho-p38 MAPK signals decrease in CXCR4^+/−^ compared to CXCR4^+/+^ normal tissue; (mean ± SD of ratio in phospho-p38/Total p-38 tubulin normalized). Brain 2.2 versus 0.5; lung 1.1 versus 0.9; liver 1.2 versus 1; spleen 1.8 versus 0.2 for CXCR4^+/+^ versus CXCR4^+/−^, respectively

Discussion {#Sec15}
==========

Metastasis occurs in an organ-specific and highly organized manner. Tumors metastasize to preferred sites by diverse determinants \[[@CR40]\], and increasing evidence has shown that the microenvironment can modulate metastatic potential \[[@CR41]\]. This article has focused on the role of genetic CXCR4 in the development of lung metastases. Murine B16 cells were injected in C57BL/6 CXCR4^+/+^ and CXCR4^+/−^ mice in the presence of the CXCR4 inhibitor, Plerixafor. Although lungs metastases were detected in both CXCR4^+/+^ and CXCR4^+/−^ mice, tumor burden was significantly less in CXCR4^+/−^ mice, Plerixafor treatment further reduced the size and number of lung metastases more effectively in CXCR4^+/−^ mice, preserving the pulmonary architecture. As expected, CXCR4 expression was reduced in the CXCR4^+/−^ mice; concomitantly the ligand CXCL12 was also reduced. This result, although previously reported \[[@CR42]\], furnished a possible mechanism to the reduced lung metastases development. Constitutive secretion of CXCL12 by the stromal cells induces migration and adhesion of neoplastic cells to the stromal cells via CXCR4 activation. In solid tumors, different stromal cells express CXCL12 and/or its receptors creating paracrine interactions that promote tumor progression. Moreover, CXCL12 is significantly involved in recruitment of various bone marrow--derived cells (BMDC) expressing CXCR4. These cells are reduced in CXCR4^+/−^ mice lung, and a reduction in the activity of p38 MAPK activity, a CXCR4-downstream target in BMDC, was also registered in CXCR4^+/−^ mice lung \[[@CR35]\]. Since activation of the CXCL12 pathway may promote cancer cell survival, invasion, and stem and/or tumor-initiating cell phenotype, blocking the CXCR4-CXCL12 pathway may be a valid strategy to target various components in solid tumors**.**

Multiple preclinical studies have converged on the finding that anti-CXCL12 agents can significantly delay primary tumor growth and metastasis when treatment is started at or close to the time of tumor implantation. However, previous evidence has shown that blockade of the CXCL12 pathway had minor antitumor effects on established tumors. One potential setting in which blockade of the CXCL12 pathway may be more widely efficacious is in preventing or delaying metastasis. Focused settings, such as relapsed glioblastoma, neoadjuvant colorectal and breast cancer, and advanced prostate cancer would be ideal for evaluating CXCR4-inhibiting agents in the development and progression of metastases.

The first and potent CXCR4 antagonist, Plerixafor, is Food and Drug Administration (FDA) approved for Stem Cell Mobilization in patients with Multiple Myeloma and Non-Hodgkin lymphoma. With the aim of inhibiting the metastatic diffusion, several other anti CXCR4 inhibitors are in clinical development such as peptidic inhibitors (BK-T140 and CTCE-9908), antibodies (MDX-1338), and small molecules (POL6326).

Several Phase I studies are ongoing in which newly developed anti-CXCR4 antagonists (POL6326, BKT140, TG0054, NOX-A12) are challenged in hematological neoplasias as mobilizing agents, but there are no ongoing clinical trials in solid tumors. To assess a possible role for stromal CXCR4 in metastatic dissemination, an heterozygote mice model for CXCR4 was studied. Reduced numbers and size of lung metastases were induced in CXCR4^+/−^ mice further reduced by Plerixafor. Reduction in lung metastases in CXCR4^+/−^-derived lungs were associated with reduced myeloid CXCR4 positive-LY6G and a reduced p38 MAPK signal transduction. These results suggest that a reduced number of functional myeloid CXCR4 positive-LY6G may determine a less favorable microenvironment. Our findings argue in favor of a specific role of CXCR4 expressed in stromal cells that conditioned the pro-tumor microenvironment. In this scenario, CXCR4 antagonists will target neoplastic cells as well as the pro-tumor stromal microenvironment.

This work was supported by a grant AIRC no. 1107 (Associazione Italiana per la Ricerca sul Cancro).

Conflict of interest {#d29e1001}
====================

The authors declare that they have no conflict of interest.

Open Access {#d29e1006}
===========

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.

Crescenzo D'Alterio and Antonio Barbieri are co-first authors.
